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(54) Insulated gate field-effect transistors 



(57) A field-effect transistor such as a LDMOS or a 
LIGBT having first and second electrical terminals, at 
least a first pn junction (2/6) adjacent the first terminal 
(S) and a second pn junction (5/7,5/8) adjacent the sec- 
ond terminal (D), wherein at least one further pn junction 
(5/6) extends between said first and second pn junctions 
so as to be transverse thereto. At least one gate terminal 
(G1 ) is disposed over a doped region (2) adjoining the 
first pn junction on the opposite side to that of the further 
pn junction with respect to the first pn junction. A second 



gate terminal may be disposed over a doped region (8) 
adjoining the second pn junction on the opposite side to 
that of the further pn junction with respect to the second 
pn junction. The double-gate devices are formed of a 
pair of associated, complementary LDMOS devices 
which may operate in unipolar (MOSFET) modes with 
any one of the gates active or in bipolar (IGBT) mode 
with both gates active, or of a pair of associated, com- 
plementary LIGBT devices. SOI substrates may further- 
more be used. 
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Description 

[0001] This invention relates to semiconductor devic- 
es. In particular, it relates to improvements in high volt- 
age, large current, devices. 

[0002] It has been a long desired goal in the field of 
semiconductor device design and manufacture to pro- 
vide semiconductor devices which are capable to con- 
trolling high voltages and large currents. In particular, it 
has long been desirable to provide semiconductor de- 
vices which can withstand high voltages being applied 
across them without breaking down, and which can han- 
dle large currents during operation. 
[0003] The present invention seeks to provide devic- 
es which meet this goal. 

[0004] According to the present invention there is pro- 
vided a semiconductor device having first and second 
electrical terminals, the device comprising: 

at least one n/p or p/n first junction adjacent the first 
terminal; 

at least one of the other of a p/n or n/p second junc- 
tion adjacent the second terminal; 
at least one n/p or p/n junction disposed between 
the first and second junctions and arranged to be 
transverse thereto; and 

at least one gate terminal in contact with the p or n 
doped region of the first junction or the n or p doped 
region of the second junction. 

[0005] The semiconductor device may have more 
than one gate, the gates arranged to control the flow of 
carriers through the device. The gates may be formed 
from metal or polys ilicon on an insulating layer. 
[0006] The device may be formed on a substrate con- 
sisting of an oxide layer on a silicon substrate or, alter- 
natively, upon a p- or n- doped silicon substrate. 
[0007] The device may be formed as part of an inte- 
grated circuit. 

[0008] One example of the present invention will now 
be described with reference to the accompanying draw- 
ings, in which: 

Figure 1 is a schematic perspective diagram show- 
ing a diode employing principles employed in the 
present invention; 

Figure 2 is a schematic perspective diagram of the 
diode of figure 1 formed on a different substrate; 
Figures 3A and 3B are schematic diagrams show- 
ing conventional diodes and the electric fields and 
potential distribution associated therewith during 
reverse voltage bias; 

Figure 4 shows representations corresponding to 
those in figures 3A and 3B but for the diode of figure 

1; 

Figure 5 is a schematic perspective view of an ex- 
ample of the present invention: 
Figure 6 is a plan view of the device of figure 5; 
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Figure 7 is a plan view of the complementary device 
of figure 6; 

Figure S is a schematic perspective view of an ad- 
aptation of the device of figure 5: 
Figure 9 is a plan view of the device of figure 3; 
Figure 10 is a graph showing the output character- 
istics of the device of figures 8 and 9; 
Figure 11 is a graph showing the doping levels and 
electron and hole concentrations of the device of 
figures 8 and 9 during operation; 
Figure 12 is a plan view of the device of figures 8 
and 9 showing the depletion region during turn-off 
of the device; 

Figure 13 is a plan view of a further example of the 
present invention; 

Figure 14 is a plan view of the example of figure 13 
showing its depletion region during turn-off; 
Figure 15 is a plan view of a further example of the 
present invention; 

Figure 16 is a plan view showing the depletion re- 
gion of the example of figure 1 5 during turn-off; and 
Figures 17 to 23 are plan views of further examples 
of the present invention. 



25 [0009] A basic junction arrangement of the type em- 
ployed in the present invention is shown in figure 1 . The 
arrangement of figure 1 is a diode having a cathode K 
and anode A. The diode is based upon alternate low- 
doped n and p silicon layers placed on a silicon on in- 

30 sulation (SOI) substrate. Figure 2 shows a similar ar- 
rangement to that of figure 1 , but formed on a lowly 
doped p- substrate, employing junction isolation (Jl) 
technology for integrated circuits. In the arrangement of 
figure 2, the substrate is connected to the anode A via 

35 a p- doped layer. 

[0010] Referring to figure 1, the diode 10 has three 
physical junctions, the first being the n+/p- junction ad- 
jacent the cathode K, the second p+n- junction adjacent 
the anode A, and the third the p-/n- junction transverse 

40 to the first and second junctions. 

[0011] Figures 3A and 3B show the potential in con- 
ventional power diodes in breakdown mode, when a 
high voltage is applied to its cathode, indicating that 
there is a peak in the electric field at one side of each 

45 of the devices which then decreases linearly. 

[0012] Referring to figure 4, the characteristics of an 
arrangement of the present invention are very different. 
Because of the transverse junction, and particularly cen- 
tral continuity of potential across the transverse junction 

50 when this is fully depleted, the lines are drawn from an- 
ode A and cathode K towards the centre of the diode, 
leading to a uniform distribution in both the central n- 
and p- regions. The arrangement of the diode of figures 
1 and 2 therefore realises a breakdown voltage which 

55 is much larger (in this example approximately 760 volts) 
than that of an equivalent conventional diode. 
[001 3] Figure 5 is a schematic diagram showing a first 
example of the present invention. This example shows 
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an SOI arrangement with a substrate, but a similar ar- 
rangement on a. Jl substrate could be provided In this 
example, a gate G1 is provided to give a MOSFET ar- 
rangement Figure 6 shows a plan view of the arrange- 
ment of figure 5. In its off state, during forward voltage s 
blocking the action of the three junctions (between re- 
gions 2/6 7/5. and 5/6) is the same as in the diode of 
figure 1 In the on state, a potential higher than a thresh- 
old voltage is applied to the gate G1 with respect to the 
source S allowing electron flow from the n+ region (re- 10 
gion 1 ) through the channel formed in the p layer (region 
2) beneath the gate G1 : n-layer (region 6). to the n+ re- 
gion (region 7) and the drain D. Figure 7 shows a device 
complementary to that of figure 6, with a gate G2 above 
an n- doped region. is 
[001 4J F igures 3 and 9 show an adaptation of the de- 
vice ot figure 5. in which two gates, Gl , G2 are provided. 
The operation of this example in the off-state is the same 
as previous examples, but in its on-state this example 
has tnree operating modes, two which are unipolar, and 20 
one winch is bipolar. The operation of the example of 
figure 3 is such that the current density passing through 
the device in the on state is increased, because the p- 
layer is used to transport holes from the drain to the 
source as electrons arc transported in the opposite di- 2S 
rection through the n- layer. 

[001 5] Referring to figure 9. in a first on mode, when 
only the gale G1 is active, a channel is induced at the 
surface of the p layer, allowing transportation of elec- 
trons from the n+ source S onto the drain D. 30 
[0016] In a second mode, when only the gate G2 is 
active, holes are transported from the p+ layer via the 
channel formed in the n layer through the p- drift layer, 
via the p+ layer to the drain D. 

[001 7] These two operations are similar to that of the 35 
examples of figures 6 and 7. 

[0018] In the bipolar mode, in which both gates G1, 
G2 are active and an inversion condition is obtained for 
the regions beneath each of the gates Gl, G2. Initially, 
holes and electrons flow without interfering, but once the 40 
transverse p-/n- junction becomes forward biased, in- 
jection of minority carriers takes place across this junc- 
tion. When a high level of injection is established and a 
plasma of mobile carriers is formed, the on-state resist- 
ance of the device decreases drastically. The voltage «s 
level at which this forward biasing occurs depends upon 
the potential distribution in the layers forming the trans- 
verse junction, which is in turn influenced by the thick- 
ness and doping of the regions of the device, together 
with the oxide thickness in the case of an SOI structure, so 
[001 9] Figure 1 0 shows the output on state character- 
istics for the device of figures 8 and 9 for the cases (a), 
when both gates are active, (b), when only gate G1 is 
active, and (c), when only gate G2 is active. From figure 
1 1 it can be seen that the levels of electrons (ii) and holes ss 
(iii) in the two regions forming the transverse junction 
are well above their actual doping concentrations (i), in- 
dicating conductivity modulation. 



[0020] With this arrangement unlike in conventional 
power devices, both the source and drain junctions are 
shorted, (i.e. the source electrode contacts the n+ re- 
gion (1) and the p+ region (3) and thus shorts the n+/p 
junction, and the drain electrode contacts the p+ region 
(7) and the n+ region (9) and thus shorts the p+/n junc- 
tion) resulting in very fast switching as, during turn off, 
the excess charge can be eliminated via these shorts. 
[0021] The device is turned off by decreasing the rel- 
ative potentials applied to the two gates G1, G2 below 
a threshold voltage necessary to form channels in the 
region below the two gates. The three junctions referred 
to previously then start a reverse recovery and the de- 
pletion region expands, as shown in figure 12. The elec- 
tric field drives out both electrons and holes. Turn-off is 
complete when the depletion region covers fully the two 
regions forming the transverse junction. 
[0022] Figure 13 shows a further example of the 
present invention. This example of the present invention 
is a single gate LIGBT, which has the advantage over 
the single gate example of figure 5 that it has a reduced 
on-state resistance. Again, the off-state action of the de- 
vice of figure 13 is generally the same as with the ex- 
ample of figure 1 . In the on-state, when G1 has a voltage 
applied thereto, and there is an appropriate voltage dif- 
ferential between anode A and cathode K, an inversion 
layer forms in the region under the gate G1 , allowing 
electron flow. Because the junction between regions 7 
and 8 is forward biased in such a situation, holes are 
injected across this junction into the regions forming the 
transverse junction. Such holes can then pass via sev- 
eral routes through to the cathode. The presence of 
holes in both of the regions forming the transverse junc- 
tion will ensure conductivity modulation in both of these 
regions, but the n- region will be more highly modulated 
because of enhanced injection of electrons from the 
cathode. 

[0023] Turn-off of the example of figure 13 is based 
upon the reverse recovery of the three fundamental 
junctions. Figure 14 shows the depletion region during 
turnoff . Again, the electric field and expansion of the de- 
pletion region drive holes out of the device via the routes 
indicated. Any remaining excess charge is eliminated 
through recombination. 

[0024] If a reduced turn-off time is required for the de- 
vice of figure 1 3, then an arrangement of the type shown 
in figure 15 can be employed. This has an arrangement 
in which the p+ anode region (7) is shorted to the n 
doped region (2) via the adjacent n+ region (3). During 
turn-off both electrons and holes are driven out via the 
route indicated in figure 16. increasing the speed of the 
device during turn-off. It will be appreciated that, how- 
ever this arrangement has higher on-state resistance. 
[0025] Figures 17 and 18 show devices complemen- 
tary to those shown in figures 13 through 16. 
[0026] Figure 1 9 shows a two gate version of arrange- 
ment of figures 13 and 15. As with previous examples, 
the off-state characteristic operates in accordance with 
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the principles of the arrangement of figure 1 , and the on- 
slato has three operations 

[0027] In the on-state, when a pctential is applied to 
G1 to generate a potential difference between gate G1 
and cathode K that is greater than the MOS threshold 
voltage a channel is formed in the region beneath the 
gale G1 This allows electron flow which generates a 
forward bias at the junction between regions 7 and 9 
acJiaccn: to the anode A. This forward biasing results in 
rM\ injection of holes from region 7 into regions 9 and 6. 
Again conductivity modulation is generated, resulting in 
n lo* on -resistance. It should be noted that during this 
operation the junction between regions 7 and 10 may 
al so become forward biased, injecting holes from region 
7 to region 10 via region 5 and then transversely down 
through regions 3 and 4 to region 2 and the cathode. 
When only gale G2 has a potential applied the operation 
is similar and symmetrical to that when a potential is ap- 
plied only to gate Gi. 

[0028] The device is designed, however to have a 
normal operation which involves a potential being ap- 
plied to both gates G1 and G2. This leads to a high de- 
gree of modulation and extremely low on-state resist- 
ance Holes are injected via the junction between re- 
gions 7 and 9. Electrons arc injected via the junction 
between regions 1 and 3, resulting in the low on-state 
resistance The device is switched off by removing the 
potential voltage applied to gates G1 and G2, generat- 
ing a depletion region as shown in figure 20 The shorts 
in the anode A and cathode K mean that the device of 
this example is very fast and has very short switching 
times. 

[0029] Figure 21 shows a further example of the 
present invention in which the device with two gates G1 , 
G2 is provided. This device is generally a combination 
of the example of ligure 5 and figure 13. The off-state 
operation of this device is generally similar to that of pre- 
vious examples. Again the on-state operation is of three 
different types. 

[0030] Firstly, if a potential is applied only to gate G2, 
then the device has a unipolar transport of holes from 
the anode A via a channel formed by the potential on 
the gate G2 in the region beneath the gate G2. The holes 
are then transported through the p- region 5 and the p+ 
region 3 to the cathode K. If only gate G1 is active, then 
the device allows electrons to flow from the cathode 
through the region under gate Gi and through the n- 
region 6 to the anode A. In this case, the on-state resist- 
ance will be lower than when only gate G2 is active, but 
there is a snap-back characteristic which may be unde- 
sirable in certain applications 

[0031] If potentials are applied to both gates G1 , G2 
then the resistance in the on-state is reduced consider- 
ably and there is no snap-back characteristic. 
[0032] Figure 22 shows the depletion region of the de- 
vice of figure 21 as the device is being made inactive by 
removing potentials from gate G1 and G2 The turn-off 
operation of this example is similar to those of previous 
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examples 

[0033] Figure 23 shows a device complementary to 
that of figure 21. 

5 

Claims 

1. A semiconductor device having first and second 
electrical terminals, the device comprising: 

w 

at least one n/p or p/n first junction adjacent the 
first terminal; 

at least one of the other of a p/n or n/p second 
junction adjacent the second terminal; 

'5 at least one n/p or p/n junction disposed be- 

tween the first and second junctions and ar- 
ranged to be transverse thereto; and 
at least one gate terminal in contact with the p 
or n doped region of the first junction or the n 

20 or p doped region of the second junction; 

wherein the device is arranged to operate as a 
MOSFET or as an UGBT. 

2. A device according to claim 1 , wherein the device 
25 has more than one gate, each of the gates arranged 

to control the flow of carriers through the device, 
and arranged to operate as a double gated LIGBT. 

3. A device according to claim 2, arranged to operate 
30 both as a LIGBT and a MOSFET. 

4. A device according to any preceding claim, wherein 
device is formed on a substrate consisting of an ox- 
ide layer on a silicon substrate. 

35 

5. A device according to any of claims 1 to 3, wherein 
the device is formed on a p- or n- doped silicon sub- 
strate. 

40 6. A device according to any preceding claim, formed 
as part of an integrated circuit. 
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Figure 2: 
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